A combination of gas-phase ion trap mass spectrometry experiments and density functional theory (DFT) calculations have been used to examine the role of substituents on the decarboxylation of 25 different coordinated aromatic carboxylates in binuclear complexes, [(napy)Cu 2 (O 2 CC 6 H 4 X)] þ , where napy is the ligand 1,8-naphthyridine (molecular formula, C 8 H 6 N 2 ) and X ¼ H and the ortho (o), meta (m) and para (p) isomers of F, Br, CN, NO 2 , CF 3 , OAc, Me and MeO. Two competing unimolecular reaction pathways were found: decarboxylation to give the organometallic cation [(napy)Cu 2 (C 6 H 4 X)] þ or loss of the neutral copper benzoate to yield [(napy)Cu] þ . The substituents on the aryl group influence the branching ratios of these product channels, but decarboxylation is always the dominant pathway. Density functional theory calculations reveal that decarboxylation proceeds via two transition states. The first enables a change in the coordination mode of the coordinated benzoate in [(napy)Cu 2 (O 2 CC 6 H 4 X)] þ from the thermodynamically favoured O,O-bridged form to the O-bound form, which is the reactive conformation for the second transition state which involves extrusion of CO 2 with concomitant formation of the CO 2 coordinated organometallic cation, [(napy)Cu 2 (C 6 H 4 X)(CO 2 )] þ , which then loses CO 2 in the final step to yield [(napy)Cu 2 (C 6 H 4 X)] þ . In all cases the barrier is highest for the second transition state. The o-substituted benzoates show a lower activation energy than the m-substituted ones, while the p-substituted ones have the highest energy, which is consistent with the experimentally determined normalised collision energy required to induce fragmentation of [(napy)Cu 2 (O 2 CC 6 H 4 X)] þ .
Introduction
Copper has long been used to facilitate decarboxylation of aromatic carboxylic acids. Thus the copper-quinoline mediated thermal decarboxylation of aromatic carboxylic acids was first reported by Shepard et al. in 1930 (Scheme 1(a)). 1 More recent studies have led to improvements to the protodecarboxylation reaction (e.g. lower temperatures, lower catalyst loadings, higher yields) resulting from changes to solvent and other additives (Scheme 1(b)). 2, 3 Mechanistic work in the 1960s and 1970s by the groups of Nilsson, 4-9 Cohen 10, 11 and Cairncross et al. 12 established that decarboxylation produces organocopper intermediates (Scheme 1(c)), with Cohen suggesting that Cu(I) complexes are the active species and that chelating ligands such as 1,10-phenanthroline increase the rate of decarboxylation. 10, 11 In many of the copper mediated decarboxylation reactions, the structures of the reactant, intermediate and final product copper complexes are ill-defined, which has led to a simplified mechanism being widely adopted (Scheme 1(c)). Unfortunately, the nuclearity of the complexes has generally not been considered. An exception is van Koten's study, where the binuclear reactant complexes 1A were isolated and their structure was determined via X-ray crystallography. 13 These binuclear complexes 1A were then dissolved in noncoordinating solvents and shown to undergo decarboxylation, and a mechanism was proposed in which one of the O,O bound carboxylate ligands undergoes isomerization to a O,C coordinated precursor, 3A to facilitate decarboxylation (Scheme 1(d)). As part of a series of ongoing studies on the gas-phase decarboxylation of metal carboxylates that utilizes multistage mass spectrometry experiments and density functional theory (DFT) calculations, [14] [15] [16] we were interested in examining decarboxylation of charged complexes related to 1A. We have chosen the 1,8-naphthyridine (napy) ligand (molecular formula, C 8 H 6 N 2 ) to generate [(napy)Cu 2 (O 2 CC 6 H 4 X)] þ complexes (Scheme 1(e)) since the 1,8-napy ligand: (i) readily forms binuclear copper complexes [17] [18] [19] ; (ii) is used as a carboxylate mimic 20, 21 ; (iii) is directly related to quinoline and other heterocyclic ligands used to promote copper decarboxylation reactions. 2, 3, 10, 11 Results and discussion Reactivity trends from CID experiments When methanolic solutions of copper(I) acetate, 1,8-naphthyridine (napy) and the appropriate substituted benzoic acid were subjected to electrospray ionization (ESI) in the positive ion mode, a number of copper containing complexes were observed (see Figure S1 for the parent benzoic acid). These included complexes in the þ1 oxidation state (e.g. [(napy)Cu 2 (CH 3 OH)] þ and [(napy)Cu 2 (O 2 CC 6 H 4 X)] þ ) as well as those in the þ2 oxidation state (e.g. [(napy)Cu(O 2 CC 6 H 4 X)] þ ). The latter arise from redox processes during the ESI process. [22] [23] [24] The desired precursor cations, [(napy)Cu 2 (O 2 CC 6 H 4 X)] þ , were readily mass selected and subjected to low energy collision-induced dissociation (CID) to undergo decarboxylation in the ion trap mass spectrometer. In all cases decarboxylation, i.e. loss of CO 2 , 44 u, of the ligated carboxylates formed the desired binuclear aryl cations [(napy)Cu 2 (C 6 H 4 X)] þ as the main product, as illustrated for selected examples in Figure 1 , with the spectra of other systems being given in the supporting information (see Figures S2 to S8 ). The role of the substituent can be assessed by comparing the CID spectra of the parent benzoate system to those of the substituents (F, Br, CN, NO 2 , CF 3 , OAc, Me and MeO) in three different positions (ortho, meta and para).
An examination of Figure 1 reveals that the formation of the ligated dicopper aryl complexes [(napy)Cu 2 (C 6 H 4 X)] þ is the main pathway for the dissociation of [(napy)Cu 2 (O 2 CC 6 H 4 X)] þ , regardless of the position of the substituent. Although our experiments do not detect the neutral species that are lost, the ligated copper cations [(napy)Cu] þ (6, m/z 193) are likely to be formed via loss of the copper benzoate, XC 6 H 4 CO 2 Cu. Both of these fragmentation channels operate for all 25 [(napy)Cu 2 (O 2 CC 6 H 4 X)] þ cations studied (Scheme 1, Figures 1, S1 to S7). However, the substituted groups affected the branching ratios of these product channels. For example, dissociation of para-substituted fluorobenzoate gave the most 6 ( Figure 1(d) ) while the ortho-substituted fluorobenzoate generated the least 6 ( Figure 1(b) ). This trend holds for most of the systems examined ( Figure 2 ), except for the bromobenzoates, methylbenzoates and methoxybenzoates, while the latter two showed very low relative abundances of 6.
The branching ratios for formation of [(napy) Cu 2 (C 6 H 4 X)] þ are over 90% in most of the substituted [(napy)Cu 2 (O 2 CC 6 H 4 X)] þ systems. The decarboxylation pathway tends to be slightly disfavoured for para-substitution on the Ar group of [(napy)Cu 2 (O 2 CC 6 H 4 X)] þ relative to the ortho-or meta-substituted isomers. Strong electron-withdrawing groups such as NO 2 , CF 3 and CN also have similar effects in increasing the branching ratio of [(napy)Cu] þ , in particular for the para-substituent systems. In contrast, the electron-donating groups such as Me and MeO (p-electron donation) favour the decarboxylation pathway.
We next investigated the relative ease of fragmentation of the binuclear copper aryl complexes by comparing the normalised collision energy (NCE) corresponding to ca 10-20% parent-ion survival of [(napy)Cu 2 (O 2 CC 6 H 4 X)] þ (Figure 3 ). Since the NCE assumes a linear correlation between the collision energy needed to achieve optimum fragmentation efficiency and the m/z of the ions, 25 dissociate while the para-substituted benzoates required the most energy to dissociate, regardless of the electronwithdrawing or -donating characters of the substituents. This observation is consistent with previous DFT studies on related metal mediated decarboxylation reactions, which demonstrated that ortho substituents stabilized the transition states (TSs) and reduced the reaction barriers, thus giving more facile decarboxylation. [26] [27] [28] [29] In some instances, other side reactions were observed in the CID spectra of [(napy)Cu 2 (O 2 CC 6 H 4 X)] þ as illustrated in Figure 4 . For the bromobenzoates (Figure 4 (m/z 335) were observed regardless of the position of the substituent groups. Both fragments likely form via cleavage of the Ar(C)-CO 2 and C-Br bonds to give benzynes, and related copper mediated fragmentation reactions have been reported. 30 For all nitro and methoxy substituted complexes, product ions at m/z 348 were observed (e.g. Figure 4(b) ). We formulate these product ions as [(napy)Cu 2 (OC 6 H 4 )] þ and while the exact mechanisms for their formation remain unknown, they must involve cleavage of more than just the Ar(C)-CO 2 bond.
DFT studies on the role of substituent effects on the decarboxylation of [(napy)Cu 2 (O 2 CC 6 H 4 X)] þ
DFT calculations were carried out to determine the mechanisms of the decarboxylation reactions and to evaluate the role of the substituents on the energies of the intermediates and TSs along the reaction pathway ( Table 1 ). The extrusion of CO 2 involves three steps as illustrated in Figure 5 For the ortho-and meta-substituted benzoates, a pair of isomers exists for the intermediates 2X and 3X and the TSs TS 1-2 X and TS 2-3 X ( Figure 5 ). In all cases the second TS (TS 2-3 X) in which decarboxylation occurs has the highest energy (Table 1) and is thus the ratedetermining step, the activation barrier of which can be used to assess the role of substituents in facilitating the decarboxylation process.
The ortho-substituted benzoates show a lower activation energy for TS 2-3 X than the meta-substituted ones, while the para-substituted ones have the highest energy ( Figure 6 ), which is consistent with the experimentally determined NCE required to induce fragmentation of [(napy)Cu 2 (O 2 CC 6 H 4 X)] þ (Figure 3) . Previous studies on mononuclear transition metal complexes have also found ortho-substituents favour decarboxylation. [26] [27] [28] [29] DFT calculations reveal that this ortho effect is mainly due to a steric effect, in which the starting ortho complex is destabilised relative to the meta and para isomers. [26] [27] [28] [29] Another effect observed was that some ortho substituents coordinate to the metal centre to stabilise the decarboxylation TS. These two effects appear to also play a role in the fragmentation of [(napy)Cu 2 (O 2 CC 6 H 4 X)] þ ortho complexes. It is noteworthy that ortho 3X and 4X are more stable than their meta and para counterparts, suggest an electrostatic interaction between the substituents and the copper centre(s).
For the ortho-substituted complexes, the additional isomer 5X (Scheme 1 and Figure 7) were located for all the systems except the trifluoromethyl-substituted complex. In most cases 5X is either slightly more or about as stable as 4X. An exception is 5oMe, which is less stable than 4oMe by over 12 kcal mol À1 ( Figure  S25 ). Preliminary results on the isomerization of 4X to 5X have been carried out. For example, TS 4-5 oBr was found for the isomerization of 4oBr to 5oBr (Figure 7) .
Conclusions
This is one of the first gas-phase studies to report on the role of substituents in the decarboxylation of benzoates coordinated to copper centres in the complexes [(napy)Cu 2 (O 2 CC 6 H 4 X)] þ . Both CID experiments and DFT calculations highlight that ortho-substituents promote more facile decarboxylation, consistent with previous studies on mononuclear metal complexes. [26] [27] [28] [29] Indeed the data from Figure 3 and Table 1 suggest that the ortho-steric effect over-rides electronic effects, noting that the crucial barrier (TS 2-3 ) for decarboxylation falls into narrow ranges for all meta (48.7-50.4 kcal mol À1 ) and para (49.3-50.0 kcal mol À1 ) substituted benzoates and that with the exception of the OAc substituent, these barriers are significantly higher than those of ortho-substituted benzoates (which range from 32.6-52.1 kcal mol À1 ). The ortho 3X and 4X organometallic complexes are more stable than their meta and para counterparts, suggesting electrostatic interactions between the substituents and the copper centre(s). Given that all 25 complexes were successfully decarboxylated to give the organometallic complexes, the stage is now set to examine whether electronic effects play a role in the ion-molecule reactions of [(napy)Cu 2 (C 6 H 4 X)] þ . Such studies are underway.
Experimental

Reagents
All chemicals were used without further purification: 
Mass spectrometry experiments
All mass spectrometry experiments were carried out using a Finnigan LTQ linear ion trap (Finnigan, Bremen, Germany) fitted with the standard factory electrospray ionization source. Copper(I) acetate was dissolved in methanol with acetic acid in a 2:3 molar ratio. The desired copper complex were prepared by adding this solution to a mixture of 1,8-naphthyridine (napy) and the appropriate substituted benzoic acid in a 1:2:1 molar ratio and then diluted to a 0.5 mM methanol solution. The resultant diluted solutions were injected at a flow rate of 5 mL min À1 into the ESI 
Computational details
Gaussian 09 31 was used to fully optimize all the structures reported in this paper at the M06 level of DFT. 32 The Stuttgart Dresden (SDD) basis set was used for copper atoms. 33 The 6-31 G(d) basis set was used for other atoms. 34, 35 Frequency calculations were carried out at the same level of theory as those for the structural optimization. All TS geometries were characterized by the presence of a single imaginary frequency. Intrinsic reaction coordinate (IRC) calculations were used to confirm the connectivity between transition structures and minima.
